Korea Multi-Purpose Satellite-5 (KOMPSAT-5) is the first satellite in Korea that provides 1 m resolution synthetic aperture radar (SAR) images. Precise orbit determination (POD) using a dual-frequency IGOR receiver data is performed to conduct high-resolution SAR images. We suggest orbit determination strategies based on a differential GPS technique. Double-differenced phase observations are sampled every 30 seconds. A dynamic model approach using an estimation of general empirical acceleration every 6 minutes through a batch least-squares estimator is applied. The orbit accuracy is validated using real data from GRACE and KOMPSAT-2 as well as simulated KOMPSAT-5 data. The POD results using GRACE satellite are adjusted through satellite laser ranging data and compared with publicly available reference orbit data. Operational orbit determination satisfies 5 m root sum square (RSS) in one sigma, and POD meets the orbit accuracy requirements of less than 20 cm and 0.003 cm/s RSS in position and velocity, respectively.
I. Introduction
Korea Multi-Purpose Satellite-5 (KOMPSAT-5) is the first satellite in Korea to produce synthetic aperture radar (SAR) images and support radio occultation. KOMPSAT-5 is to be inserted into a 550 km altitude circular dawn-dusk orbit with a 97.6-degree inclination in 2011. The spacecraft was built by the Korea Aerospace Research Institute (KARI), while the mission control element (MCE) system for operating the satellite on the ground was developed by the Electronics and Telecommunications Research Institute (ETRI). The primary missions of KOMPSAT-5, called GOLDEN, are as follows:
-Geographic information system (GIS) -Ocean management -Land management -Disaster monitoring -ENvironment monitoring The secondary mission of KOMPSAT-5 is to generate an atmospheric sounding profile and support global positioning system (GPS) radio occultation using atmosphere occultation and precision orbit determination (OD) [1] . Figure 1 shows KOMPSAT-5 at a nominal attitude in 'rightlooking' mode. The Z-axis of the satellite is tilted from its nadir by -33.7 degrees by the defined body-fixed coordinate system. The X-axis is along the solar panel rotation axis, and the Y-axis completes the right-hand system.
The main payloads carried by KOMPSAT-5 are SAR, two GPS receivers, and a laser-reflector. The two GPS receivers receive dual-frequency and single-frequency signals, respectively. The single-frequency GPS receiver, TOPSTAR 3000 [2] , shares the operation heritage of KOMPSAT-2. The dual-frequency IGOR GPS receiver [3] , which is the follow-up to the BlackJack GPS receiver, is carried to obtain accurate GPS-Based Orbit Determination for KOMPSAT-5 Satellite Yoola Hwang, Byoung-Sun Lee, Young-Rok Kim, Kyoung-Min Roh, Ok-Chul Jung, and Haedong Kim satellite positioning for SAR missions and radio occultation. Unfortunately, both GPS receivers are not activated simultaneously due to the limited capacity of the mass memory of the on-board computer in KOMPSAT-5. The singlefrequency TOPSTAR-3000 GPS receiver will be used as a backup receiver. The IGOR GPS receiver will provide a carrier phase with a data rate of 0.1 Hz. Assessments of the IGOR GPS receiver performances and precise OD (POD) capability are achieved through various internal and external testing validation methods such as satellite laser ranging (SLR) fit and orbit comparisons [4] . SLR is used to independently validate the orbit precision.
The mission requirement of operational OD (OOD) is to satisfy a 10 m root sum square (RSS) in one sigma, and POD accuracy is required to satisfy 20 cm and 0.03 cm/s root mean square (RMS) in 3D position and velocity, respectively. First, the BlackJack receiver for the CHAMP satellite showed a 30 cm RSS [5] , and the SAC-C satellite, which carries the same type of BlackJack GPS receiver, using a double-difference or singledifference method, satisfies 20 cm and 0.02 cm/s in positioning and velocity accuracy, respectively [6] , [7] . For the GRACE satellite, many POD research groups have shown highly accurate positioning determination results within a 10 cm RSS [8] - [10] . The POD results of the European satellite, GOCE, using the mission of Earth-gravity estimation, also met the orbit accuracy requirements of 50 cm and 2 cm RMS for a rapid science orbit and precise science orbit, respectively [11] , [12] .
The main purpose of this paper is to show how well the requirements of the KOMPSAT-5 satellite can be satisfied using IGOR and TOPSTAR-3000 GPS receiver data based on current OD techniques implemented in ETRI-GPS-Precise-OrbitDetermination (EGPOD) software. An overview of the OD process method using GPS data from KOMPSAT-5 is provided, and test results satisfying the mission requirements are included.
II. Implementation of OOD and POD MCE, the ground mission control segment for the KOMPSAT-5 satellite operation, consists of telemetry, a tracking and command subsystem, satellite operation subsystem, mission planning subsystem, flight dynamics subsystem (FDS), and satellite simulator. The ground control system follows the heritage of KOMPSAT-2. The FDS provides satellite flight dynamics operation and support functions, such as orbit prediction and determination, event prediction, fuel accounting, and antenna pointing data generation for satellite tracking. Figure 2 shows the architecture of FDS, which is divided into four parts: satellite mission analysis for operation, POD for accurate image processing and radio occultation, systems management, and a graphical user interface (GUI). KOMPSAT-5 supports on-board satellite operations using an on-board GPS navigation solution. MCE also uses GPS navigation solution data to determine the operational orbit for the satellite and on-ground operations. The dynamic models implemented for OOD processing based on GPS navigation solution data are as follows: 36×36 Earth-gravity model (EGM) by degree and order [13] , solar radiation pressure, drag, and Sun and Moon gravity. A batch least-squares estimator (BLSE) filter is used to determine the operational orbit.
The POD of KOMPSAT-5 is used for the enhancement of SAR image quality. The POD process is operated at the KOMPSAT ground station of KARI, and the POD product is provided to an image reception and processing element system or to users requesting accurate KOMPSAT-5 positioning information. Figure 3 shows the OD package diagram designed for implementation. Users are interfaced with the OD system through a GUI. Initial orbit for POD is obtained using the results from the OOD module. A POD consists of three parts: 'POD_CTRL' interfacing with the user's input, 'preprocessing' III. OD Strategies
GPS Data Process
The POD process requires continuous tracking of a visible GPS satellite by ground and flight GPS receivers. GPS data processing of KOMPSAT-5 POD will use the KOMPSAT-5 GPS flight receiver data, accurate GPS satellite ephemeris provided by IGS, and GPS measurements from an IGS ground network whose position is accurately known. A precise GPS satellite ephemeris, which has a 15 min time interval, is interpolated using a Hermitian method every 30 s to calculate accurate GPS measurements from a GPS satellite to KOMPSAT-5 and IGS ground stations. Raw GPS data from KOMPSAT-5 is also sampled every 30 s for a doubledifference data product. Thus, double-difference GPS measurements are produced using two GPS satellites and two GPS receivers that consist of a low Earth orbit (LEO) satellite and IGS ground station. The double-difference method eliminates hardware bias as well as clock errors of the GPS receiver and GPS satellites at the same epoch. Networks using 19 IGS ground stations distributed throughout the world are used for double-difference data generation as shown in Fig. 4 . These sites are expressed by International Terrestrial Reference Frame (ITRF)-2005 [15] .
Cycle slips are detected and repaired using a polynomialfitting method. In its geometry, the arc length of doubledifference data maintains a signal-phase lock for 15 min to min. Ambiguity resolution is solved using an ionospherefree linear combination as a floating number, as shown in KOMPSAT-2 data processing [6] . GPS time is internally used for all measurement data epochs. Attitude information relating to the precise observation range and macro box-wing model uses an internal local-vertical local-horizontal (LVLH) coordinate system.
For single-frequency GPS validation of a TOPSTAR-3000 receiver, a group and phase ionosphere calibration (GRAPHIC) [16] technique that averages the pseudorange and carrier phase data is used for removing ionospheric delay [17] . GPS data obtained from an IGS site produces ionosphere-free data through a linear combination (LC) using a different frequency. Thus, the double-difference data is combined by each ionosphere-free single-difference data set. One singledifferenced data type is LC ionosphere-free, and the other is made up of GRAPHIC ionosphere-free measurements. Double-difference data for an IGOR receiver is produced using ionosphere-free data of a dual-frequency LC for both a ground station and LEO satellite.
OD Technique
In general, an OD is necessary to conduct mission objectives, to calculate orbit modifications, and to navigate science data records. Recent LEO satellite missions require highly accurate orbit results. Orbit accuracy depends on the dynamic model as well as data quality, such as noise, performance of the GPS receiver, and clock accuracy. POD was adjusted using BLSE in EGPOD software [6] . A dynamic solution estimating the general empirical acceleration from many parameterizations, which trades off a dynamic model and kinematic method, improves the orbit accuracy on the order of centimeters. Table 1 summarizes the dynamic and measurement models for a KOMPSAT-5 POD. For an altitude of 550 km, the drag General acceleration Sine and cosine coefficients for along-track and cross-track (1 cpr for TOPSTAR 3000 and simulated KOMPSAT-5 data , 6 min for GRACE satellite) coefficient was estimated once per arc. An EIGEN [18] EGM of 120 degrees and 120 orders was used for geopotential coefficients. Internally, the J2000 coordinate system is used for the satellite motion equations. For a GPS satellite orbit, a precise IGS ephemeris was fixed without estimation. GPS antenna offsets for GPS satellites and LEO satellite are also considered. These offsets are subtracted for each GPS PRN measurement.
Initial satellite position, velocity, and the coefficients of drag and solar radiation pressure are estimated for a whole data arc length. In order to obtain an accurate ephemeris, the following sine and cosine terms for general empirical acceleration along the cross-track and along-track components were parameterized for the GRACE satellite every 6 min. One cycle per revolution (1 cpr) for general empirical acceleration was optimized for TOPSTAR-3000 GPS data and simulated KOMPSAT-5 GPS data. All sigma values for general empirical acceleration were given by 1.0e-9. Tropospheric delay for the IGS ground stations was estimated every 30 min during OD.
IV. Validation of Orbit Results
Three test cases were used for KOMPSAT-5 OD verification. First, since real on-board data of KOMPSAT-2 is available, OOD and POD results are tested and compared with each other. The GRACE satellite was pre-studied for its IGOR receiver performance, and the requirements of KOMPSAT-5 OD were validated through internal and external comparisons: The results of the GRACE satellite POD were validated using SLR data in an absolute comparison sense and compared with other POD results. Finally, the results of POD using simulated KOMPSAT-5 GPS data are illustrated for their position and velocity accuracy.
OD Test Results by TOPSTAR 3000 Receiver
KOMPSAT-5 carries TOPSTAR 3000 as a backup GPS receiver. TOPSTAR 3000 provides a reference time signal, GPS navigation solution, and raw single-frequency GPS data. The reference time signal from TOPSTAR 3000 supports the time synchronization between the satellite's on-board processors and the GPS. In KOMPSAT-5, TOPSTAR 3000 will receive a maximum of twelve-channel GPS data through two antennas. For KOMPSAT-5, each GPS measurement has information of the receiving antenna. However, although offset biases (0.5 m, +/-0.5 m, 0.707 m) for the body-fixed frames of the two GPS antennas exist, information on each antenna for each GPS satellite is not available in KOMPSAT-2 data due to the limitation of TM data. Table 2 shows the orbital overlapping solution for 4 h overlap statistics for a five-day data set from the 2nd to the 9th of September, 2009. Here, the orbit obtained during the middle 4 h out of the overlapping period is different on successive days. One hour on each end of a 6 h overlap is rejected in order to avoid an end effect. An antenna offset is not considered, and LVLH attitude information is internally used. The overlapping orbital solution for the KOMPSAT-2 satellite showed a 63.8 cm RMS in 3D. A single-frequency POD requirement of 1 m orbit accuracy was fully met in this test.
OOD using a navigation solution for a TOPSTAR-3000 GPS receiver was compared with POD to evaluate the OOD performance. POD and OOD use different dynamic models. For example, under Earth's gravity, OOD uses EGM-96 with [23] are used. Table 3 shows the orbit discrepancy between POD and MC OOD as well as POD and ETRI OOD for each direction component for August 2006 data [17] . The estimated orbit information is compared with the Earth-centered Earth-fixed (ECEF) coordinates. POD was broken into a 24 h arc out of a 30 h arc length for a comparison with the results of OOD. OOD accuracy satisfies approximately 3 m to 4 m RSS in one sigma. Thus, ETRI OOD satisfies the requirement of 10 m RSS in one sigma for the given operation.
GRACE Satellite OD Results Using a BlackJack Receiver
Real on-board GRACE satellite data is used for KOMPSAT-5 OD pre-analysis as the 485 km altitude of the GRACE satellite is lower than KOMPSAT-5. Also, a BlackJack GPS receiver (the IGOR receiver in KOMPSAT-5 is a type of BlackJack receiver) is carried in the GRACE satellite. The GRACE satellite was chosen since precise orbit is required to obtain a highly precise EGM. The POD accuracy based on a dynamic model approach strongly depends on the precise EGM. The EIGEN-05S model is used for the GRACE satellite POD, which has been recently released.
We prepared a two-week data set for the period of January 7 through January 20, 2009. The GPS data was processed normally, and there were no large data gaps. Figure 5 and Table 4 show the orbit differences between the POD results using EGPOD and precise publicly released GRACE ephemeris. GPS carrier phase data from a 24 h arc was processed for 14 days during the EGPOD process. Two types of comparisons between the two ephemerides were made, namely, No Hermitian and Hermitian. The former type is a direct comparison without any corrections, and the latter is made after removing biases in the scale and rotational angles between the two orbit solutions. By compensating (estimating) these biases, the possible systematic errors derived by using different EOP or sensor offset values can be compensated. The No Hermitian comparison in Fig. 5 plots the orbit from EGPOD minus the publicly released orbit. The Hermitian results were obtained using Bernese software [24] . The position differences were 10.84 cm and 9.7 cm RSS for No Hermitian and Hermitian, respectively. As seen in Table 4 , cross-track coordinate errors were reduced by 1.5 cm RMS in the Hermitian comparison.
In Fig. 6 , the velocity differences are illustrated for a 14-day period beginning from January 7, 2009. The velocity is also compared with the public released ephemeris without consideration of the coordinate conversion and different EOP parameters. The velocity difference of each direction roughly shows 0.008 cm/s RMS. This means that the velocity accuracy is satisfied using our OD strategies in EGPOD software.
An SLR residual evaluation of KOMPSAT-5 is independently used to assess the absolute accuracy of a GPS-based orbit solution. A 14-day assessment of the SLR residuals is given in Fig. 7 . In this validation, laser ranging data from specific stations is included to obtain one-dimensional orbit errors. The SLR stations considered from International Figure 8 shows the daily measurement residuals for 24 h and 28 h GPS carrier phase data. Despite the fact that the GPS RMS should be smaller than 1 cm, because the noise level of BlackJack GPS receiver carrier-phase observations is roughly 5 mm [9] , the corresponding mean GPS measurement RMS errors for two weeks indicate 3.1 cm and 3.3 cm for 24 h arcs and 28 h arcs, respectively. This is mainly because different dynamics of a macro box-wing model are applied to the GRACE satellite. We simply use arbitrary reflectivity and areato-mass ratio values for the macro box-wing model. Also, LVLH attitude information is internally used instead of exact external attitude data.
The 24 h and 28 h double-difference GPS data has a tradeoff in terms of the dynamic and measurement models. The orbit result based on a 24 h data arc length shows a smaller RMS than that of a 28 h data arc length. This means the dynamic model has slightly more errors than the measurement model. Because the number of dynamic model errors increases with an increasing arc length, the effects of the measurement errors are reduced [8] . Thus, the GPS RMS for a 28 h arc length with more propagated dynamic errors shows larger errors than that for a 24 h arc. Table 5 shows an overlapping orbital solution for the GRACE satellite. The POD was produced using every 28 h data arc, which provides 4 h common data with adjacent dates. To consider the end effect, 30 min edge points were excluded for the orbit overlapping solution. As seen in Figs. 5 and 6, every end point of a 24 h arc reveals a peak in the position and velocity differences. The mean RMSs of the orbit overlapping solution are 3.18 cm, 6.28 cm, and 1.65 cm for radial, alongtrack, and cross-track directions, respectively. The orbit overlapping solution is a good test of orbit precision. While the average orbit differences from the publicly released precise ephemeris for a 24 h data arc length shows approximately 10 cm, the orbit overlapping solution has a larger difference than we expected by a scale of 4.7 cm to 9.8 cm, as shown in Table 5 . The dynamic approach using the 6 min general empirical acceleration estimation still did not completely compensate for the errors in the dynamic model. As previously mentioned, as data arc length increased, dynamic model errors also accumulated. Thus, the orbit differences from common data sets at the end points of a data arc are caused by the propagation of dynamic errors.
Test Results by Simulated KOMPSAT-5 GPS Data
The KOMPSAT-5 ground track repeats every 28 days with 421 revolutions. Table 6 shows the KOMPSAT-5 osculating orbit used to consider the ground-track repeat and dawn-dusk orbit characteristics for the 00:00:00.00, February 7, 2010 epoch. Raw GPS data is generated for a five-day data length using the dynamic and measurement model errors given in Table 7 . Raw GPS data of the IGS stations in Fig. 4 is also generated. Tropospheric delay of the ground stations has a 1% error in the zenith delay parameter. The albedo and emissivity of Earth's radiation are considered with 3% random errors. In the measurement data where 5% of bad data is intentionally included, 15 cm GPS ephemeris errors are randomly given. Table 7 . KOMPSAT-5 dynamic and measurement model errors for simulation data generation. The noises of pseudorange and carrier phase data are randomly given as 0.2 m and 2 mm, respectively. These measurement residuals explain the differences between the observed data and computed values for GPS carrier phase data. The measurement residuals using GPS double-difference carrier phase data show roughly 8 cm to 12 cm as given by Table 8 [25] . The evaluation of the measurement residuals indicates the data quality and dynamic model accuracy. For the simulated GPS data, more than 87% of edited data is available in the preprocessing procedure since we put random errors of 0.01% and 0.05% for cycle slip and bad data, respectively. In this case, the elevation angle was cut-off by zero degrees.
In order to validate the POD test results using the simulated KOMPSAT-5 GPS data, the truth orbit is assumed as follows: The truth orbit is propagated using the same dynamic model used in POD for the initial osculating orbit from February 7, 2010, shown in Table 6 . The results of POD for a five-day period were compared with the truth orbit. Figures 9 and 10 illustrate the position and velocity differences between the truth orbit and KOMPSAT-5 POD using the simulated data, respectively [25] . The position and velocity errors show 13.2 cm and 0.014 cm/s RSS in one sigma. This accuracy is a bit higher than the previous test cases mainly due to large random noise levels of the GPS satellite ephemeris. However, these accuracies in position and velocity are good enough to meet the POD requirements of KOMPSAT-5. Since the POD is processed with a 24 h arc length for five-day data, orbit errors show regular peaks every 24 h at the end points of the arc in Figs. 9 and 10.
V. Conclusion KOMPSAT-5 OD results obtained from single-frequency and dual-frequency GPS data are presented in this paper. The tests are performed using on-board KOMPSAT-2 data for single-frequency GPS data, and GRACE satellite and simulated KOMPSAT-5 data for dual-frequency data. The current dynamic model and measurement error correction techniques implemented in EGPOD software were introduced, and various assessments of orbit accuracy were performed.
A primary dual-frequency IGOR GPS receiver will be used to support SAR images, and TOPSTAR 3000 is used as backup positioning equipment for operational and precise orbit determination for IGOR tracking failures or interruptions. Orbit validation using TOPSTAR-3000 GPS receiver data was achieved through a comparison of real on-board KOMPSAT-2 data. The single-frequency requirement, 1 m RSS, was satisfied by the KOMPSAT-2 overlapping orbital solution. Results of the GRACE satellite and KOMPSAT-5 POD using simulation data show roughly 10 cm and 13.2 cm positioning errors. This means that the orbit accuracy requirements of KOMPSAT-5, less than 20 cm positioning errors, are completely satisfied. The requirement of velocity accuracy for SAR missions is more important than the positioning error requirement. Thus, KOMPSAT-5 meets 0.03 cm/s RMS in velocity accuracy for both test cases. Further improvement of orbit accuracy can be achieved through a refined dynamic model in drag, a macro box-wing model, accurate attitude data, GPS satellite antenna offsets, and by fixing ambiguities in the parameter estimation.
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